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[1] This paper proposes a theoretical explanation of the variations of the sediment
delivery ratio (SDR) versus catchment area relationships and the complex patterns in the
behavior of sediment transfer processes at catchment scale. Taking into account the effects
of erosion source types, deposition, and hydrological controls, we propose a simple
conceptual model that consists of two linear stores arranged in series: a hillslope store that
addresses transport to the nearest streams and a channel store that addresses sediment
routing in the channel network. The model identifies four dimensionless scaling factors,
which enable us to analyze a variety of effects on SDR estimation, including (1)
interacting processes of erosion sources and deposition, (2) different temporal averaging
windows, and (3) catchment runoff response. We show that the interactions between storm
duration and hillslope/channel travel times are the major controls of peak-value-based
sediment delivery and its spatial variations. The interplay between depositional timescales
and the travel/residence times determines the spatial variations of total-volume-based
SDR. In practical terms this parsimonious, minimal complexity model could provide a
sound physical basis for diagnosing catchment to catchment variability of sediment
transport if the proposed scaling factors can be quantified using climatic and catchment
properties.
Citation: Lu, H., C. J. Moran, and M. Sivapalan (2005), A theoretical exploration of catchment-scale sediment delivery, Water
Resour. Res., 41, W09415, doi:10.1029/2005WR004018.
1. Introduction
[2] Sediment yield is defined as the amount of eroded soil
that is transported by water to certain defined points in a
landscape or river system, such as the catchment outlet, over
a specified timescale [Gregory and Walling, 1973; Wasson,
1994]. In the presence of excessive human-induced land use
changes, concerns over the impact on water quality, aquatic
habitat and biodiversity promote the need to quantify and
predict sediment yield. A dimensionless empirical variable
called sediment delivery ratio (SDR) is often used to relate
sediment yield to on-site gross erosion rates by
y ¼ ge; ð1Þ
where y (M L2 T1) is areal average sediment yield, e (M
L2 T1) is gross erosion rate and g is the SDR. As
mentioned above and as will be discussed in detail later, for
a given catchment area, A, SDR is a function of the
timescale over which erosion rates and yields are measured.
Over millennial timescales SDR should approach unity, and
any departures from unity arise from inaccurate sediment
monitoring or from measurements taken over short periods.
[3] The concept of SDR was introduced in an attempt to
predict sediment yields at catchment outlets by relating it to
upland gross erosion rates, which could be estimated inde-
pendently using models such as the universal soil loss
equation (USLE) [Wischmeier and Smith, 1978]. It was
believed that if a good correlation between g and measurable
physical factors that govern it is established, equation (1)
could then become an effective means to relate sediment
yield directly and separately to erosion sources and delivery
mechanisms, and in this way help to estimate sediment yield
in ungauged locations [Roehl, 1962]. Its ability to separate
source and delivery allows a prediction to be made of the
effects of human-induced land use changes on increased
sediment yield. Also because of its simplicity, many sediment
transport models use the combined USLE-SDR approach at
grid [Bouraoui and Dillaha, 1996] or subcatchment level
[Arnold et al., 1995; Krysanova et al., 1998].
[4] The USLE-SDR approach has also received some
criticism [Trimble and Crosson, 2000;Kinnell, 2004]. Firstly,
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it provides little understanding of the physical processes that
underlie the sediment transport and carries no descriptions
of the mechanisms that cause the sediment transport. Fur-
thermore, it fails to identify the separate effects of climate
(e.g., erosive effects of rainfall) and catchment conditions.
For a given catchment area A, various experimental data
show that the estimated values of g differ by orders of
magnitude, suggesting a strong dependence of g on addi-
tional properties which represent catchment heterogeneity.
[5] Factors influencing erosion and sediment yield include
the hydrological regime (e.g., rainfall-runoff), catchment
properties (e.g., vegetation, topography and soil properties),
management issues (e.g., land use), and their complex
interactions [Walling, 1983; Richards, 1993]. Consequently,
there has been considerable effort to develop comprehensive
sediment transport models based on detailed descriptions
of runoff generation and routing, sediment generation,
transport, deposition and remobilization [Young et al.,
1989; Morgan et al., 1998; Nearing et al., 1989]. These
detailed models use coupled differential equations describ-
ing mass and momentum conservation. In spite of the
sophistication of these models, it is difficult to elucidate a
direct linkage between the mathematical description of
processes operating over small areas and the observed
macroscopic features of sediment yield variability at larger
catchment scales. Apart from the paucity of input data, the
heterogeneity and nonlinearity of the accompanying pro-
cesses and associated difficulties with parameterizations
make any such predictions highly uncertain [Beven, 1989;
Jakeman and Hornberger, 1993].
[6] In this paper, we propose a simple model aimed at
understanding sediment yield at catchment scale by repre-
senting only the dominant or critical governing processes.
The model is composed of two lumped linear stores
arranged in series: a hillslope store that addresses transport
to the nearest streams and a channel store that addresses
sediment routing in the channel network. This approach
parallels recent advances in the regionalization of flood
frequency behavior [Robinson and Sivapalan, 1997a,
1997b; Sivapalan et al., 2002]. We use this model to see
if we can explain physically the process interactions under-
lying the observed scaling behavior of SDR in relation to
catchment area A. We explore how the SDR  A relation-
ships and associated parameters are linked to particular
aspects of the hydrological responses, sediment sources
and intensity, and depositional processes. Special attention
is given to the effects of timescales associated with erosion
and sediment yield and methods of estimating sediment
yield and SDR.
[7] We wish to clarify at this point that this paper deals
exclusively with suspended (mostly fine) sediments, their
addition or removal to/from different parts of the landscape,
and their net export at the catchment scale. In particular, it
does not purport to include the transport of bed load or of
dissolved load.
2. A Brief Review of Sediment Delivery Ratio
and Its Regionalization
2.1. Observed Patterns in the ;  A Relationships
[8] To establish g  A relationships which allow estima-
tion of sediment yield across a range of spatial scales,
especially for ungauged locations, g has conventionally
been back calculated using observed sediment yields (y)
and measured/estimated gross erosion rates (e) at a number
of locations within a region. The back-calculated SDRs are
then used to derive empirical regionalization relationships,
in which g is related to the most important morphological
characteristics of a catchment [Roehl, 1962; Vanoni, 1975],
such as the catchment area, A. This dependence has often
been expressed in terms of a power function relationship
g ¼ aAf; ð2Þ
where a and f are empirical parameters. Combining
equation (1) with equation (2) leads to the expression y =
aeAf. Indeed, power functions of the type
y ¼ bAq ð3Þ
have been widely used for y  A regionalization [Walling,
1983; Milliman and Meade, 1983]. In other cases, y was
replaced by Y, the total areal sediment yield Y [M T1],
where Y=Ay by definition, and equation (3) then becomes Y=
bAq+1 or Y=aeAf+1. For a homogeneous region with uniform
gross erosion rate e, it can then be expected that f = q and b =
ae. In real catchments, e is not uniform in space, and
consequently, empirically derived values of f and q are not
exactly equal even if they often fall in a similar range.
[9] The most commonly observed values of g are be-
tween 0 and 1 [Roehl, 1962; Walling, 1983], suggesting that
only a fraction of the total amount of soil that is detached
from the eroding sources will find its way to the catchment
outlet. Earlier studies on regionalization of SDR suggested
that values of f were mostly negative [Maner, 1958; Roehl,
1962; Walling, 1983; Richards, 1993]. Regionalization of
sediment yield from various regions in the United States
show that q = 0.23 to 0.14 [Renfro, 1975; Vanoni, 1975;
Dendy and Bolton, 1976]. Larger variations of q were found
in Australia (0.52 to 0.12 [Wasson, 1994]). Figure 1
shows that considerable variations exist in the g  A
relationships obtained from different studies and from
different regions. For a given catchment area, g varies by
a factor of 2 or more, suggesting a strong dependence of g
upon properties other than catchment area. The complexities
associated with the heterogeneity of the governing morpho-
logical and environmental factors and their temporal varia-
tions have led some scientists to dismiss the usefulness of
the SDR concept [Trimble and Crosson, 2000; Kinnell,
2004], and the possibility of any substantial improvement
in the reliability of such empirical relationships based on
catchment area alone [Walling, 1983; Richards, 1993].
More process-based insights into the SDR may assist in
improving the robustness of these relationships and their
usefulness, which is the motivation for this work.
[10] Data from Canada and Australia has shown that q
may increase as catchment area increases in channel inci-
sion dominated environments [Church and Slaymaker,
1989; Wasson, 1994; Wasson et al., 1998]. The increase
in q was attributed to the likelihood of increased erosion
activity along the transport route, such as remobilization of
valley fill eroded from the uplands during earlier agricul-
tural settlement or increased channel incision activities in
larger channels. Again, no theoretical analysis has been
undertaken to explore the dependence of the scaling expo-
nents q or f on catchment area A, and how the dependence
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is related to relative magnitudes of erosion source, hydro-
logical controls and depositional processes.
[11] With a view to increasing the robustness and predic-
tive capability of these empirical relationships, other studies
have attempted to include additional physiographic and
hydrological attributes of the land surface (e.g., mean
annual runoff, average catchment relief, channel network
bifurcation ratio, catchment relief/length ratio, slope of main
channel, etc.) [Roehl, 1962; Renfro, 1975; Walling, 1983;
Khanbilvardi and Rogowski, 1984]. Such extensions of the
regionalization relationships did not significantly increase
their predictive power, because the data that went into them
was limited and only of local extent.
[12] Williams [1975, 1977, 1978] proposed a number of
channel routing functions, equivalent to SDR, to account for
sediment delivery from small subcatchments. He expressed
SDR as a function of the channel travel time and median
particle size. Similar approaches have been followed by
Onstad and Bowie [1977] and Ferro and Minacapilli
[1995]. Dickinson et al. [1986] proposed an expression of
hillslope SDR in which SDR depends on seasonally varying
length of overland flow path, Manning’s number for over-
land flow, land surface slope, and a seasonally varying
coefficient representing the probability of overland flow.
Despite their considerable appeal these mathematical for-
mulations were not really underpinned by representation of
the physical processes underlying SDR, i.e., erosion, depo-
sition, delivery and remobilization. A theoretical framework
for physically based regionalization of sediment yield is
sorely needed for an improved understanding of the inter-
actions between storm durations, travel times and other
factors and their effect on SDR.
2.2. Links of Sediment Yield Response to Streamflow
Response
[13] Rainfall and runoff are the main driving forces for
the processes associated with catchment sediment yield,
namely, erosion, deposition and remobilization. There is
considerable evidence that sediment yield is intimately
connected to runoff yield. Lane et al. [1997] showed, at
different catchment scales, strong linear relationships be-
tween suspended sediment yields and runoff yields in
semiarid watersheds within Walnut Gulch, Arizona, where
hillslope erosion is known to dominate. Strong correlation
between suspended sediment yield and discharge were also
found for glacier dominated basins [Gurnell et al., 1996],
and from other parts of the world [Krysanova et al., 1998].
The widely used rating curve method is also based on the
assumption that there is a relationship between sediment
concentration and discharge [VanSickle and Beschta, 1983;
Walling and Webb, 1988; Horowitz, 2003].
[14] Publications in the hydrological field show catch-
ment runoff responses (both annual yield as well as annual
maximum floods) depend on catchment area and exhibit
similar power law relationships. The mean annual specific
runoff volume (runoff per unit area), q, [L3 L2 T1] is
often related to catchment area A by
q ¼ cAb; ð4Þ
where c is an empirical constant. A number of studies have
obtained the power law exponent b in (4) to be in the range:
0.4 < b < 0 [Leopold et al., 1964; Benson, 1962, 1964;
Alexander, 1972; Murphey et al., 1977; Goodrich et al.,
1997]. It has also been found that b is smaller if equation (4)
is derived from flood peaks [Gupta and Waymire, 1983].
Nevertheless, these values of b are similar to the estimates
of the exponent q found in the sediment yield literature,
especially those derived from regions dominated by
hillslope erosion.
[15] To illustrate a possible connection between runoff
response and sediment yield response, we reproduce in
Figure 2 the estimates of SDR, g, presented by Roehl
[1962] (shown with dots). These values of g were derived
Figure 1. Relationships of SDR versus catchment area derived from historical data. Different sediment
sampling methods were used by different research groups. The line for Sicily, Italy, is from Ferro and
Minacapilli [1995]. The rest are redrawn from Walling [1983].
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from sediment yield measurements from Blackland Prairies,
the Red Hills of Texas and Oklahoma, the Missouri Basin
Loess Hills, the Mississippi Sand Clay Hill, and the south-
eastern Piedmont in southeastern United States, where hill-
slope erosion predominates [Roehl, 1962]. We compare
these against average peak flow (flood) responses (solid
and dashed lines) for similar sized catchments obtained by
Robinson and Sivapalan [1997a] from simple theoretical
reasoning. The average peak flow response, E(S), is defined
as the ratio between average peak runoff at the catchment
outlet and the average rainfall intensity. For rectangular
pulses of rainfall falling on a catchment, and assuming a
triangular unit hydrograph of flood response, Robinson and
Sivapalan [1997a] derived an analytical expression for E(S)
as:
E Sð Þ ¼ 2 tr=tcð Þ 1 tr=tcð Þ þ tr=tcð Þ exp  tc=trð Þ½ f g; ð5Þ
where tr and tc are the duration of rainfall excess (rainfall
minus infiltration), and the catchment’s time to concentra-
tion, respectively. Noting that E(S) is the ratio of rate of
runoff discharge to rate of runoff generation, while the SDR,
g, is the ratio of sediment discharge to sediment generation,
the two ratios are intuitively directly comparable.
[16] In Figure 2 we compare the empirically obtained
relations between g and A with theoretically obtained
relations between E(S) and A. The results show that with
the choice of a realistic range of values of tr, the simple two
parameter expression for peak flow response, E(S) (i.e.,
equation (5)) is able to capture the spread of variability in
the observed g. This result makes us suspect that, in
environments dominated by hillslope erosion, SDR may
be closely related to (or analogous with) catchment flooding
response, with similar scaling exponents.
[17] However, such links are less evident in data derived
from regions where channel incision, secondary reworking
or remobilization of deposits in valley floors dominates
[Meade, 1982; Church and Slaymaker, 1989; Church et al.,
1999; Dedkov and Moszherin, 1992; Wasson, 1994]. In
these cases, g either increases with area or the dependence
on catchment area is less pronounced. To make sense of
these different behaviors of sediment response in relation to
area, we need a more complete representation of sediment
response, involving a mix of interacting processes, going
beyond studying hillslope erosional processes alone.
2.3. Definitions of Sediment Delivery Ratio and
Problems Estimating It
[18] The large scatter in the g  A relationships presented
in Figure 1 is most likely due to three causes: (1) intrinsic
variability of climatic and landscape factors, and the mix of
interacting processes, (2) differences in measurement
procedures and/or in methods used to estimate the SDR,
and (3) differences in the timescales of measurements. For
example, the temporal averaging used to estimate sediment
yield and erosion rate has often been treated rather casually
because the characteristic timescale for which it is appropriate
to specify the sediment yield for a given spatial scale is as yet
unclear. Peak, event-averaged and long-term annual average
data are often used interchangeably. Before focusing on the
physical causes of the scatter in the g  A relationships
presented in Figure 1, it is important to isolate the nonphysical
sources of variations caused by nonstandardized measure-
ment and estimation methods.
[19] Measuring and estimating sediment yield and SDR
have long been subject to confusion and uncertainty
[Walling and Webb, 1981]. Sediment yields are rarely
measured directly. The most common method uses a single
sediment rating curve developed from occasional samples.
Combining with continuous streamflow records, the total
sediment yield is estimated by multiplying modeled sedi-
ment concentration and streamflow. Either sediment con-
centration or flux is assumed constant over the intervals
between sediment samples. Thomas [1985] outlined an
improved method whereby some randomization is built into
the sampling schedule and single rating curves are not used.
The second method involves measurement of the volume of
alluvial fill or sediment deposits in reservoirs between dated
stratigraphic markers [Trimble, 1975, Trimble, 1983]. The
third method involves calibrating continuous turbidity data
to suspended sediment yield [Davies-Colley and Smith,
2001]. Such a method has advantages of high temporal
resolution and long period coverage, as illustrated by Lewis
et al. [2001]. Data shown in Figure 1 were mostly derived
by the first method, with a few data points derived by the
second method. Automatic sampling devices were not
common before the 1980s and, to this day, continuous or
nearly continuous sediment yield data sets are only avail-
able for a few catchments, and are rarely useful for
regionalization purposes [Horowitz, 2003]. In comparison
to those derived from the second method, in which coarser
materials are included, data derived by the first method
often have a higher temporal resolution but cover a shorter
time period and are limited primarily to suspended material.
The resulting sediment yield and SDR derived from differ-
ent methods are therefore not directly comparable. The ill-
defined temporal averaging period is a major nonphysical
source of variation of the g  A relationships shown in
Figure 1 and is indeed a problem hampering scientific
progress in this area.
Figure 2. Comparison of sediment delivery ratio g derived
from measurements [Roehl, 1962] and peak flow response
E(S) (equation (5)) with different values of excess rainfall
duration tr. It is assumed that tc in equation (5) is expressed
as a function of catchment area A of the form tc = xA
u,
where values of 1 and 0.4 were used for x and u,
respectively.
4 of 15
W09415 LU ET AL.: THEORETICAL STUDY OF CATCHMENT SEDIMENT DELIVERY W09415
[20] In view of such approximations made in sediment
yield regionalization, we feel it would be useful to cast the
problem of SDR estimation into a general framework, so
that the effects of these approximations can be demonstrated
quantitatively. We start by giving an accurate definition of
SDR, and then give various approximations of this defini-
tion, with the view to subsequently studying their impacts
on the resulting g  A relationships.
3. Sediment Transport at Catchment Scale
3.1. Definitions of SDRWith Different Time-Averaging
Schemes
[21] Strictly speaking, the long-term average SDR should
be expressed as
g ¼
Z
Ty
y tð Þdt
,
Ty
Z
Te
ex;y tð Þdt
,
Te
¼
Z
Ty
C tð ÞQ tð Þdt
,
ATy
Z
Te
ex;y tð Þdt
,
Te
; ð6Þ
where Te is the characteristic timescale of upland erosion, Ty
is the characteristic timescale of sediment transport for the
study catchment of area A, ex,y(t) =
1
A
RR
A
e(x, y, t)dxdy is the
spatially averaged upland erosion rate [M L2 T1], e(x, y,
t) is the space-time upland erosion rate [M L2 T1], y(t) is
specific sediment yield [M L2 T1], Q(t) is water discharge
measured at the catchment outlet at time t [L3 T1], and C(t)
[M L3] is sediment concentration at time t, respectively.
[22] In theory, the characteristic timescales Te and Ty are,
respectively, the time periods over which erosion ex,y and
sediment yield y can be assumed to reach statistical equi-
librium. Because of the variety of time delays associated
with sediment transport at catchment scale, we would
expect Ty  Te. Wischmeier and Smith [1978] suggested
that at least 22 years of pluviograph rainfall data are needed
to derive a sensible value of long-term averaged rainfall
erosivity. This implies, at the plot scale, a few decades of
erosion measurements are needed to get statistically mean-
ingful long-term average erosion rates. Consequently, the
characteristic timescales of sediment yield at the catchment
scale can be expected to be much longer. However, sedi-
ment yield measured at most gauging stations would at best
have a few decades of records. To make the situation worse,
measurements of upland erosion and sediment yield have
often been made during different time periods, and the
magnitudes of Te and Ty are mainly governed by data
availability. For these practical reasons, equation (6) is often
reduced to
g ¼
c0
PM
j¼1
QjCj
e AM
; ð7Þ
where Qj and Cj are discrete samples of discharge and
sediment concentration, respectively. M is the total number
of samples, e is annual spatially averaged upland erosion
rate, c0 is a dimensionless factor which converts the unit of
specific sediment yield estimated from discrete samplesPM
j¼1
QjCj/AM into the unit of e. For instance, c0 = 365  24 if
Qj, Cj, e and A have units of m
3 h1, kg m3, kg km2 yr1
and km2, respectively.
[23] In recognition of disproportionately large sediment
yields expected during high-flow periods, SDR has also
been estimated by
g ¼
c0
PN
i¼1
Qi;pCi;p
eAN
; ð8Þ
where Qi,p and Ci,p are the peak discharge or average
discharge measured at rising flow stage and sediment
concentration at peak, respectively [Spraberry et al., 1960;
Guy and Norman, 1970; Walling and Webb, 1981], and N is
total number of events measured. The reasons for using
concentration measurements during the rising flow stage
are: 1) the peak sometimes cannot be clearly defined, and
2) the ‘‘first flush’’ of sediment often happens during the
rising flow stage.
[24] Let us denote the g estimated by equation (7) as ge
and by (8) as gp. For simplicity, we assume the conversion
factor to be c0 = 1 (i.e., unit conversion has been performed
beforehand). With M samples over a single event, equation
(7) becomes
ge ¼
PM
j¼1
Qj tð ÞCj tð Þ
eAM
¼
Rtt
0
Q tð ÞC tð Þdt
e Att
¼
Rtt
0
y tð Þdt
e tt
¼ Yt
e tt
; ð9Þ
where e is the event averaged upland erosion rate [M L2
T1], which is the total amount of soil loss [M L2] divided
by effective storm duration ter [T], y(t) is specific sediment
yield [M L2 T1], Yt is the total sediment yield [M L
2],
and tt is the total time period of the sediment transport
during the event [T]. Also on an event basis, we have N = 1,
and equation (8) becomes
gp ¼
QpCp
e A
¼ yp
e
; ð10Þ
where yp is the specific sediment yield estimated from peak
discharge and the sediment concentration at peak [M L2
T1]. The chief difference between the estimates of SDR
obtained from equations (9) and (10) is that equation (9) is
based on total sediment volume, whereas equation (10) is
based on peak value of sediment discharge. Note that even
though the definition of ge appears to be more rigorous in
theory, it can be awkward to estimate in practice. This is
because the timescales involved in estimating ge cannot be
determined accurately in most practical cases. On the other
hand, gp appears inaccurate as not all the sediments are
accounted for, yet it can be estimated more accurately as the
timescales involved are better defined.
[25] Walling and Webb [1981] investigated a variety
of sampling methods including fixed interval and fixed
interval plus peak values for estimating total suspended
yield. They showed that both overestimation and underes-
timation could occur, with underprediction being more
common for up to 95% of the time. In this paper, by using
a simple sediment transport model, we shall evaluate the
quantitative differences between estimates of SDR using
equations (9) and (10), and their impacts on the resulting
g  A relationships.
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3.2. A Simple Model
[26] A simple linear model of catchment response
[Sivapalan et al., 2002] is adopted and extended to include
sediment transport processes. We use the same concept to
explore how sediment yield and delivery ratio are related to
catchment hydrological response, erosion source type and
intensity, and depositional processes.
[27] On an event basis, the model consists of two linear
sediment stores, one for the hillslopes and one for the
channel network (Figure 3). The hillslope store is supplied
with sediment by upland soil erosion at a rate eh(t) [M L
2
T 1] over an effective storm duration ter (sediment trans-
port only occurs during this time period). At a given time t,
some of the eroded sediment is redeposited within the
hillslope at a rate rh [M L
2 T 1], and the remaining
fraction is delivered to the channel network store, located
downstream of it, at a rate yh [M L
2 T 1]. The mass of
sediment stored in the hillslope per unit area is denoted by
Sh [M L
2] and can be estimated by the balance between the
erosion rate eh(t), the redeposition rate rh(t), and the rate of
delivery to the channel, yh(t). Similarly, at a given time t, the
channel store is supplied with sediment from the hillslope
store at the rate yh(t) plus the stream bank erosion rate en(t)
[M L2 T 1]. Some of the sediment in the channel store is
redeposited back into the channel (bed or bank) at the rate
of rn [M L
2 T1], while another fraction is transported to
the catchment outlet and leaves the catchment at the rate y
[M L2 T1] (defining the area specific sediment yield).
The mass of sediment stored in the channel network is
denoted by Sn [M L
2], and can be estimated by a balance
between the hillslope delivery rate of yh(t), the channel
network erosion rate en(t), rate of redeposition within the
channel network, rn(t), and the rate of sediment delivery to
the catchment outlet, y(t). The continuity equation of
sediment for the two stores can thus be expressed as
dSh tð Þ
dt
¼ eh tð Þ  rh tð Þ  yh tð Þ
dSn tð Þ
dt
¼ en tð Þ þ yh tð Þ  rn tð Þ  y tð Þ
: ð11Þ
As a preliminary exploration, in this paper we look at some
simplified cases only. We assume that hillslopes are eroded
at a constant rate eh, during the entire duration of effective
sediment transport ter. That is
eh tð Þ ¼
eh; 0 < t  ter
0; t  0 or t > ter
8<
: : ð12Þ
The channels are eroded at constant rate en, for duration ti,
where ti should be smaller than the time bases of the
resulting hydrograph or sedigraph for the given event
(Figure 4). That is
en tð Þ ¼
en; ti1 < t  ti2
0; t  ti1 or t > ti2
8<
: ; ð13Þ
where ti = ti2  ti1. In the time domain, this event-based
sediment transport model can be represented schematically
as shown in Figure 4.
[28] We assume that the stores Sh and Sn are initially
empty, meaning that the sediment existing originally in the
channel network can be neglected. We exclude other forms
of sediment sources such as gully erosion. Such exclusion
could be interpreted as follows: sediment supplied from
well-connected gullies is treated as stream erosion, while
that supplied from disconnected gullies is treated as hill-
slope erosion.
[29] Similar to the assumptions made in hydrology
[Chow, 1964; Sivapalan et al., 2002], we also assume that
there is a linear relationship between the transport fluxes
and system storage. Notably, sediment yield from the hill-
slope store, yh, is assumed to be a linear function of the
mass of sediment stored in the hillslope per unit area, Sh,
and the area specific sediment yield from the catchment
outlet, y, is assumed to be a linear function of the sediment
stored in the channel network, Sn. Equation (11) can then be
Figure 3. Diagram of a two-storage lumped linear model of sediment transport at catchment scale.
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rewritten as linear ordinary differential equations in the
dependent variables of yh and y:
th
dyh tð Þ
dt
¼ eh tð Þ  lhth þ 1ð Þyh tð Þ; ð14Þ
tn
dy tð Þ
dt
¼ en tð Þ þ yh tð Þ  lntn þ 1ð Þy tð Þ; ð15Þ
where th and tn are the mean residence times within the
hillslope store and channel store, respectively, and lh and ln
are the deposition parameters both of which have the units
of [T1]. Physically, lh (or ln) represents the proportion of
sediment in the hillslope (or channel) store that is
redeposited per unit time. In general, one would expect lh
and ln to be time varying quantities, which may also
depend on runoff, or/and runoff rate, or/and sediment input
and storage. Such dependences would render equations (14)
and (15) to be a nonlinear system of equations, which
cannot then be solved analytically. Therefore, for reasons of
analytical tractability, as a first step, we treat lh and ln as
constants over the entire event.
4. Analytical Solutions and Physical
Interpretations
4.1. Analytical Solution
[30] Equations (14) and (15) are standard first-order
ordinary differential equations and can be solved analyti-
cally for total sediment yield (per unit area per storm) and
peak sediment yield (also per unit area per storm) with the
following results:
Yt ¼
Z 1
0
y tð Þdt ¼ 1
Bn
ehter
Ah
þ enti
 	
; ð16Þ
and
yp ¼
eh
Ah
Y1; tn ¼ 0
1
Bn
eh
Ah
Y1 þ enY2
 	
; otherwise
8><
>: ; ð17Þ
where
Y1 ¼
1 exp Ah ter
th
 	
; tn ¼ 0
1 1 ter
tn
Bn
 	
exp Bn ter
tn
 	
;
Bn
Ah
th
tn
¼ 1
1 1
1 Bn
Ah
th
tn
exp Bn ter
tn
 	
 1
1 Ah
Bn
tn
th
exp Ah ter
th
 	
; otherwise
8>>>>><
>>>>>:
;
ð18Þ
and
Y2 ¼ 1 exp Bn ti
tn
 	
; ð19Þ
where Ah = 1 + lhth and Bn = 1 + lntn. Substituting
equations (16) and (17) into (9) and (10), respectively, we
obtain expressions for volume-based SDR, ge, and peak-
value-based SDR, gp, expressed in dimensionless form
ge ¼
ter
tt
1
Bn
1
Ah
þ enti
ehter
 	
; ð20Þ
and
gp ¼
1
Ah
Y1; tn ¼ 0
1
Bn
1
Ah
Y1 þ en
eh
Y2
 	
; otherwise
8><
>: : ð21Þ
Note that we assume e in equation (9) to be equal to eh, as
do most USLE-SDR approaches. Physically, equation (16)
(or (20)) states that the total sediment yield Yt is a fraction
(1/AhBn) of the total hillslope erosion amount (ehter) plus a
fraction (1/Bn) of the total bank erosion amount (enti). On
the other hand, equation (17) (or (21)) suggests that the peak
Figure 4. Temporal representation of a two-storage
lumped linear model of sediment transport at catchment
scale (Figure 3) for a single event and a hypothetical
catchment. Constant hillslope erosion rate eh and bank
erosion rate en are assumed for the entire effective erosion
duration ter and ti, respectively. The shaded area beneath the
channel sedigraph is the total sediment yield Yt generated by
the event. Because of deposition the area underneath the
output sedigraphs should be smaller than total area under
the sediment inputs in both stores. The peak values of
specific sediment yield from hillslope store (yh,p) and
channel store (yp) are also shown.
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sediment yield rate yp is the sum of a fraction (Y1/AhBn) of
the hillslope erosion rate eh and a fraction (Y2/Bn) of bank
erosion rate en.
[31] The fractions 1/AhBn, 1/Bn, Y1/AhBn, and Y2/Bn are
composed of four scaling factors 1/Ah, 1/Bn, Y1 and Y2 all
of which have values ranging between 0 and 1. Factors 1/Ah
and 1/Bn are functions of dimensionless scaling parameters
t*h,d and t*n,d (or lhth and lntn), where t*h,d = 1/lhth and t*n,d =
1/lntn. The scaling parameters t*h,d and t*n,d measure the
magnitudes of the sediment depositional timescales (1/
lh and 1/ln) and relative to the travel times in hillslope
and channel stores, respectively. For instance, t*h,d  1
means that the average time required for deposition within
the hillslope store (1/lh) is much longer than the hillslope
travel time (th). Therefore the larger the values of t*h,d or t*n,d,
the smaller the chance of sediment deposition. For this
reason, we shall hereafter refer to them as the depositional
scaling parameters. Factors Y1 and Y2 are functions of
the dimensionless timescale parameters t*h,n =
th
tn
, t*n,i =
ti
tn
,
t*h,er =
ter
th
and t*n,er=
ter
tn
. The scaling parameter t*h,nmeasures the
‘‘size’’ of hillslope store relative to the channel store. There-
fore t*h,n  1 suggests a hillslope dominated system (i.e.,
small catchment), t*h,n  1 represents a channel dominated
system (i.e., large catchment), and t*h,n 1 represents a system
where hillslopes and channel network are equally important.
The scale parameter t*n,i measures the duration of channel
erosion relative to the channel travel time. For simplicity, t*n,i
is set to 1 hereafter. The scale parameters t*h,er and t*n,er
measure the interplay between the effective storm duration
and the travel times, and originated in studies of hydrological
response [Sivapalan et al., 2002]. We refer to these as
hydrological scaling parameters. For the same reasons, we
shall also call 1/Ah and 1/Bn as depositional scaling factors,
and Y1 and Y2 as hydrological response scaling factors
that encapsulate hydrological controls on the sediment
delivery.
[32] In the following sections, we will investigate the
effects of the scaling factors and scaling parameters on SDR
(ge and gp), and the relationships between ge, gp and
catchment area using equations (16)–(21). The various
issues highlighted in the literature review section will also
be addressed one by one: the mix of interacting processes of
erosion sources and deposition, the effects of different
temporal windows on estimates of the SDR, links between
runoff response and sediment response, variations of SDR
versus A relationships, and the complex patterns in the
behavior of sediment yield with catchment area.
4.2. Effects of Interacting Processes of Erosion Sources
and Deposition
[33] To understand the effects of sediment sources and
deposition on SDR, using equation (20), the total-volume-
based sediment delivery ratio ge is plotted in t*h,d  t*n,d
space as contour plots for different values of erosion source
ratio enti
ehter
(see Figure 5). In Figure 5 there is increasing
hillslope deposition as you move from right to left (as t*h,d
decreases), and more channel deposition from top to bottom
(as t*n,d decreases). When hillslope erosion dominates (i.e.,
enti
ehter
= 0 and enti
ehter
= 0.1), ge increases when either t*h,d or t*n,d
increases. That is, the longer time it takes to deposit, the
larger the value of SDR ge. However, the control of the
hillslope depositional scaling parameter t*h,d over ge dimin-
ishes when channel erosion dominates and ge is mainly
controlled by the channel depositional scaling parameter t*n,d
(i.e., enti
ehter
= 10). For a given t*h,d, as the magnitude of the
erosion source ratio enti
ehter
increases, the magnitude of ge also
increases and becomes larger than unity. This suggests that
the physical meaning of SDR could change from being an
indicator of upland sediment delivery efficiency, as tradi-
tionally defined, to that of relative contribution of hillslope
and channel erosion. The shift starts to occur when 1
Ah
< enti
ehter
.
However, in practice, such a shift may become unnoticeable
when the total sediment delivery time tt is much longer than
ter and ti.
4.3. Effects of Temporal Averaging
[34] Figure 6 shows the contour lines of Y1 in t*h,er  t*n,er
space (determined using equation (18)). Three different
values of t*h,n (0.1, 1, and 10, note that t*h,n = t*n,er/t*h,er) are
used to show the relative effects of hillslope and channel
store size, while the depositional parameters t*n,d and t*h,d are
Figure 5. Contour plots of total-volume-based SDR ge in
t*h,d  t*n,d space with different combinations of erosion
source ratio enti
ehter
= 0, 0.1, 1, and 10 (from top to bottom); tt =
ter is assumed.
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set to be equal to 0. The contour lines (dashed lines) show
that Y1 increases when either t*h,er or t*n,er increases.
Figure 6 also shows that the magnitude of the hydrological
response factor Y1 is primarily determined by either the
hillslope hydrological scaling parameter t*h,er or the channel
hydrological scaling parameter t*n,er, depending on which
store’s ‘‘size’’ is relatively large compared to the other
(t*h,n = 0.1, 1, and 10). For small catchments (i.e., t*h,n 
0.1), the values of Y1 is predominantly determined by the
hillslope hydrological scaling parameter t*h,er. For large
catchments (i.e., t*h,n  10), the channel hydrological
scaling parameter t*n,er predominantly determines Y1. In
the case when both hillslope and channel network travel
times have the same magnitude (i.e., t*h,n = 1), both t*h,er
and t*n,er are important in determining Y1. In essence, the
interplay between the storm duration (ter) and travel time
(th or/and tn) is the key to determining the hydrological
response factor Y1.
[35] While previous research has not really differentiated
between SDRs derived from total sediment volume (e.g.,
sampled from reservoir deposits [Dendy and Bolton, 1976])
and those derived from sediment concentration measured at
rising flow stage [e.g., Roehl, 1962; Guy and Norman,
1970], equations (20) and (21) suggest that the difference
between ge and gp could be rather large. Physically, while
ge depends on the depositional scaling parameter t*h,d, t*n,d,
ter/tt, and ti/tt, gp involves additional controls through the
hydrological scaling factors Y1 and Y2 with both Y1 and
Y2  1. For the case where channel erosion is negligible
compared to hillslope erosion (i.e., eh  en), we have gp =
geY1 ttter. Even for this simple case, orders of magnitude
difference in ge and gp could be obtained. Apart from
the differences in tt/ter for different sized catchments, the
variation of gp/ge can also be largely influenced by the
values of Y1, as it is shown in Figure 6. Thus the temporal
parameters are very important in determining gp, ge and the
ratio between them.
[36] This analysis suggests that it is necessary to differen-
tiate between ge and gp, since they differ in terms of both
their physical meanings and dominant controls. The various
definitions of SDR have not been previously clearly articu-
lated nor presented in a mathematical form. Not paying
attention to the differences between the SDR definitions
used is a major cause of the mixing of physical and
nonphysical variations in the previously reported SDR values
and in the different patterns of SDR versus catchment area
curves (Figure 1). As a consequence, controversy and con-
fusion have reigned around the concept of the SDR [Trimble
and Crosson, 2000]. When discussion is based on one (e.g.,
total volume) but measurements are based on another (e.g., at
flow rising stage), confusion is of course likely.
4.4. Links of Sediment Delivery Ratio to Streamflow
Response
[37] Equations (20) and (21) can also be used to inves-
tigate the links between SDR and streamflow response. For
the case of a small steep catchment (i.e., both lhth and lntn
! 0), and for the case where hillslope erosion is the
dominant sediment source (i.e., eh  en), equation (11)
and the analytical solutions (16) and (17) reduce to those of
Sivapalan et al. [2002]. For such cases, tt ﬃ ter, ge = 1 and
gp = Y1. The relationships between SDR (and sediment
yield) versus catchment area A would closely resemble that
of runoff versus A, and most of the differences in suspended
sediment yield could be explained by differences in runoff.
Further, q and f, the scaling exponents for suspended
sediment yield (see equations (2) and (3)) should be close
to b, the scaling exponent for runoff (see equation (4)). This
is in general agreement with the findings in semiarid
watersheds such as Walnut Gulch in Arizona, USA [Lane
et al., 1997; Goodrich et al., 1997] and other small
agricultural catchments, where hillslope erosion dominates.
In such cases, hydrological response derived using runoff
data (which is superior in quantity, quality and coverage
compared with sediment yield measurements) could be a
good replacement for SDR (which is often hard and
expensive to measure).
[38] When the catchment area becomes larger, both the
depositional parameter ln and the channel erosion rate en
are likely to increase, and thus control the SDR. Therefore
the relationships of SDR versus catchment area should
differ from those for runoff. For catchments with progres-
sively large deposition capacities (for instance, large flood-
plain areas or reservoirs), depositional scaling factors 1
Ah
and
1
Bn
may override the hydrological response factors Y1 and
Y2. Therefore the deposition capacity of the channel store
controls both the gp  A and ge  A relationships and their
scaling exponents, f, regardless of the effective duration of
upland erosion. For such cases, even though the sediment
yield may exhibit a strong correlation with the runoff rate at
the point of measurement, such a correlation is only local
and means little for regionalization. When it comes to
sediment yield regionalization, diagnostic differences be-
tween depositional parameters are the key to resolving
catchment to catchment variability.
4.5. Sediment Delivery Ratio Versus Area
Relationships
[39] To investigate how ge and gp change in relation to
catchment area, we need to establish relationships between
Figure 6. Contour plot of hydrological scaling factor Y1
in t*h,er  t*n,er space with both t*n,d and t*h,d = 0. The solid
lines are t*h,n = 0.1, 1, and 10, respectively. The contours of
Y1 are shown as dashed lines. See text for further details.
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some of the constituent timescales and catchment area. The
channel travel time tn is found to scale with catchment area
[Pilgrim, 1987; Robinson and Sivapalan, 1997a; Sivapalan
et al., 2002]
tn ¼ xAu ð22Þ
where tn is in hours, A is in km
2 and the coefficients x and u
are found to be in the range 0.5–2.5 and 0.32–0.65,
respectively, for Australian catchments. For demonstration
purposes and for a general interpretation of g  A
relationships, we use x = 1 and u = 0.4 and th is assumed
to be independent of catchment area A [Sivapalan et al.,
2002].
[40] Before equation (22) and apart from Figure 2, our
analysis has treated all the variables without specific units.
Because of the specific units of tn and A used by equation
(22), hereafter, all the time variables (i.e., th, tn, and ter) will
be in hours, depositional parameters lh and ln in h
1,
erosion rates eh, en and specific sediment yield y in
Mg km2 h1. The total sediment yield from an entire
catchment therefore has units of Mg km2. Readers are
reminded that the absolute values of these dimensional
variables shown on Figures 7–10 are not important. The
most important part of our analysis is their relative values
and how this relativity affects the g  A relationships
because of differences in variables such as th, tn, ter,
lh and ln.
[41] Substituting equation (22) into equation (20), the
magnitudes of ge can be determined in relation to catchment
area, A, for given values of the erosion ratio enti
ehter
, the channel
depositional parameter ln and the hillslope depositional
scaling parameter t*h,d. Figure 7 presents some simulated
relationships between ge and catchment area A for three
different values of enti
ehter
(0, 1, and 10) and three different
values of the channel depositional parameter ln (0.01, 0.1,
and 1). To understand the effects of hillslope deposition, t*h,d
was also set to three different values. For a given value of
enti
ehter
, ge decreases while A increases. For a given A, ge
increases when enti
ehter
increases. Although the erosion source
ratio enti
ehter
and the hillslope depositional scaling parameter t*h,d
have major effects on the starting values (at small A) of ge,
the slopes of the ge  A relationship (f in equation (2)) are
mainly determined by the channel depositional parameter
ln. The effects of the hillslope depositional parameter t*h,d
on ge are only important for small values of A, especially
when hillslope erosion is dominant (i.e. enti
ehter
! 0). These
predicted patterns of SDR versus area relationship are in
good agreement with the observed patterns of sediment
yield from reservoir deposits [Dendy and Bolton, 1976].
[42] Figure 7 also shows that the scaling exponent f (i.e.,
the slope of log(ge)  log(A)) is not necessarily a constant,
but changes from zero when catchment area A is small and
reduces toward 0.4 as A increases. In general, the larger
the values of the channel depositional scaling parameter ln,
the smaller the overall averaged value of exponent f. With
small values of ln (0.01 h1), f tends to remain close to
zero for catchment areas A smaller than 1000 km2. This
situation is likely to happen only under the condition that
the catchment under consideration lacks sediment storage
and deposition, and the sediments are mainly fine sus-
pended particles. Such ge  A patterns match what has
been observed in the Loess Plain, China [Walling, 1983]. It
is also consistent with the ‘‘morphological view’’ that
transport of suspended sediment is mostly restricted by
hillslope supply and channels tend to export all the sediment
generated within or delivered to them [Boyce, 1975; Graf,
1988; Prosser et al., 2001a, 2001b]. However, such a
system equilibrium can hardily be reached on an event
basis or by most of the contemporary sediment yield
measurements, especially in large catchments. Therefore
the values of f are often smaller than zero and get even
smaller when the area becomes larger (e.g., other curves in
Figure 7). These findings agree well with what has been
reported in the majority of literature on catchment sediment
delivery [Walling, 1983; Richards, 1993].
[43] When it comes to gp, Figure 8 shows some simulated
values of gp for the case 1/AhBn = 1 and en = 0. It shows that
gp decreases with area. Also, in general, the decreasing rate
of gp in relation to area A is much faster than that of ge  A
and results in smaller values of the scaling exponent f (see
Figure 7). As alluded to previously, the effective rainfall
Figure 7. Simulated relationships between total-volume-based SDR ge and catchment area A for three
different values of erosion source ratio enti
ehter
(0, 1, and 10), three different values of depositional parameter
ln (0.01, 0.1, and 1 h
1), where tt = ter is assumed. See text for further details.
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duration is the major control over gp. However, the channel
depositional parameter ln dominates f.
4.6. Explaining the Complex Patterns of Sediment
Yield Versus Catchment Area
[44] Equations (16) and (17) can be used to explain the
complex patterns in the sediment yield versus catchment
area relationship. Figure 9 shows that the total sediment
yield Yt can either decrease or increase with catchment area
A depending on how bank erosion rate en varies with
residence time in the channel store (tn). When the hillslope
erosion rate eh and the bank erosion rate en are kept constant
across the catchment (first and second panels of Figure 9),
Yt and the scaling exponent f, in general, decrease with
increasing A. Previously, we expressed channel travel time
tn as a function of A (i.e., equation (22)). Alternatively, we
could assume that bank erosion rate en varies with tn. By
fixing the hillslope erosion rate eh and allowing en to
linearly increase with tn (third panel of Figure 9), Yt
increases with A and the scaling exponent f is always
positive. This pattern of sediment yield versus area rela-
tionship has been observed empirically by Meade [1982],
Dedkov and Moszherin [1992], Wasson [1994] and Church
et al. [1999]. By assuming that en logarithmically increases
with channel travel time tn (fourth panel of Figure 9), Yt first
increases and then decreases with A, and the scaling
exponent f is first positive and then becomes negative.
This pattern was also found in empirical observations
[Church and Slaymaker, 1989]. These results suggest that
the heterogeneity of bank incision could significantly alter
the basic patterns of ge  A relationships, which tend to
Figure 8. Simulated relationships between peak-value-
based SDR gp and catchment area A for four different
values of depositional parameter ln (0.01, 0.1, 1, and
10 h1) while ter = (top) 0.1, (middle) 1, and (bottom)
10 hours, respectively. See text for further details.
Figure 9. Simulated relationships between the total
sediment volume Yt (equation (16)) and catchment area
for the cases of eh = 1, en = 0 (first panel), eh = 0.5, en = 0.5
(second panel), eh = 1, en = 0.1 (third panel), and eh = 1,
en = 0.1 ln(tn) (fourth panel), respectively. All the erosion
rates have the same unit of M km2 h1. The unit of Yt is
M km2. For all the cases, lh = 0.1 h
1, th = 0.1 hours,
and ter = 0.5 hours.
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mimic the runoff versus area relationship at smaller catch-
ment area or in an otherwise homogeneous region.
[45] Figure 9 also shows how the effective storm duration
ter and relative erosion rates affect the total sediment yield
Yt. For given erosion rates eh and en, the larger the value of
ter, the greater the total volume sediment yield Yt. For a
given total erosion rate (eh + en), the greater proportion the
bank erosion rate, the larger the value of Yt. The greater the
proportion the hillslope erosion rate, the greater the depo-
sitional opportunity between the sources and catchment
outlet. This can be seen be comparing the first and the
second panels in Figure 9.
5. Discussion
[46] If a catchment is in approximate equilibrium over
long timescales, the SDR should approach unity. Departures
from this arise from inaccurate sediment monitoring or
measurements taken over short periods. Thus SDR is often
a snapshot of the operation of sources and sinks within the
catchment. Whereas the traditional g  A relationships are
underpinned by the assumption that the majority of sedi-
ments are generated on hillslopes, they can be rather
complex when there are other types of erosion sources,
such as when the majority of the sediments are generated
from gullies and channel banks. In the latter case, instead of
being a measure of sediment delivery efficiency, g could
shift toward being an indicator of dominant erosion source
type and can even be larger than unity, as was shown by the
classic example of Church and Slaymaker [1989]. However,
such a shift cannot be detected easily in sediment data
sampled at only a few gauging stations with very little
known about sediment sinks and sources in between gaug-
ing stations, as is often the case in practice. Considering the
measurement difficulties and approximate estimation meth-
ods highlighted above, and the fact that sediment sources
and their spatial locations cannot be readily separated from
such measurements, back calculating SDR using measured
specific sediment yield and upland erosion rate can be
problematic.
[47] The general conclusion about sediment yield de-
creasing with area from previous empirical studies was
based on the assumption that erosion sources are uniformly
distributed in space. In real catchments, the decreasing yield
with area could actually be caused by spatial heterogeneity
of rainfall. In many environments, high-intensity rainfall is
from convective storms of limited spatial extent, so the
bigger the catchment the lower the spatially averaged
rainfall intensity, soil erosion rate and therefore sediment
yield. This is not directly covered by our analysis. However,
our simple model does show that the heterogeneity of
erosion sources can cause sediment yield to be independent
or to increase with area (as does the scaling exponent q)
(Figure 9), and that SDR can indeed exceed one. It is not
hard to imagine that the heterogeneity of depositional
parameters lh and ln can also cause large variations in
both sediment yield and delivery ratio. Deposition and other
erosion sources are the essential elements which make the
relationship of suspended sediment yield versus A differ
from that of runoff versus A. This is why, unlike the scaling
exponent q for sediment yield, the scaling exponent b
(equation (4)) for runoff regionalization was never found
to be positive. To deal with the complexity of sediment
transport, an alternative approach could be to adopt a
particle-based rather than flux based theoretical approach,
as outlined by Kirkby [1991] and Parsons et al. [2004].
[48] A common explanation of the observed negative
values of q and f is based on geomorphology. Most
sediment is produced in headwater areas (small catchment
areas) where slopes are steep, drainage density is high and
storage is small [Hadley and Schumm, 1961; Richards,
1993]. As A increases, sediment production sites (per
catchment area) decrease with the inclusion of gentler
slopes and lower drainage densities, and storage increases
Figure 10. (a) Simulated curves of total-volume-based SDR ge in comparison to the SDR estimates of
Roehl [1962]. The curves were calculated using equation (20) and by setting enti
ehter
= 0, th = 0.1 hours, and
lh = 0.01 h
1. The physical interpretation of those curves is that the variations of ge  A are controlled
by the channel depositional parameter ln. (b) Simulated curves of the peak-value-based SDR gp in
comparison to the SDR estimates of Roehl [1962]. The curves were calculated using equation (21) and by
setting en
eh
= 0, th = 0.1 hours, and ln = 0.001 h
1. The physical interpretation of those curves is that the
variations of gp  A are controlled by interplay between effective rainfall duration ter and hillslope
sediment depositional parameter lh.
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with increasingly flatter valley bottoms. Thus as A
increases, erosional rates decrease in general while rates
of deposition increase, and this leads to a reduction of
specific sediment yield y, contributing to the negative q (or
f). Cases of positive values of q (or f) were also found
[Meade, 1982; Church and Slaymaker, 1989; Church et al.,
1999; Dedkov and Moszherin, 1992; Wasson, 1994]. These
were attributed to the relative dominance of either down-
stream erosion, such as channel incision and bank erosion,
or secondary reworking or remobilization of deposits in
valley floors, over primary denudation of the land (i.e.,
hillslope erosion). Those studies show that the scaling
behavior of sediment yield can be characterized by either
q (or f) < 0 or >0 depending on the relative importance of
upland or hillslope erosion and channel (in stream or stream
bank) erosion. Our theoretical analysis provides a way to
quantitatively explore the effects of relative magnitudes of
primary denudation and channel incision on g, or q, or f.
[49] Interestingly, both equations (20) and (21) could be
used to fit the historical SDR data such as those of Roehl
[1962] andDendy and Bolton [1976]. For instance, Figure 10
shows some simulated curves of ge and gp in comparison to
the SDR data of Roehl [1962]. The curves in Figure 10a were
obtained by using equation (20) and setting enti
ehter
= 0 (i.e.,
negligible bank erosion), th = 0.1 hours (i.e., fast hillslope
delivery), and lh = 0.01 h
1 (i.e., small hillslope sediment
deposition). The curves in Figure 10b were obtained by using
equation (21) and setting en
eh
= 0, th = 0.1 hours and ln =
0.001 h1. Figure 10a implies that the variation in the
Roehl data could be mostly explained by the channel
depositional parameter ln. On the other hand, Figure 10b
suggests that the hydrological effect, i.e., the interplay
between storm duration (ter) and sediment residence time
could be the main cause for the variation of Roehl SDR
data. Furthermore, Figure 2 shows that a hydrologically
based model [Robinson and Sivapalan, 1997a] can also
fit the same data sets. This is a typical example of
equifinality in geomorphological modeling [Beven,
1996]. That is, there are many degrees of freedom in
the catchment sediment delivery and a variety of models
can be used to match the empirically derived relation-
ships, such as that of SDR versus catchment area.
[50] Empirically derived SDR relationships are mostly
based upon mixed SDRs obtained from different measure-
ment methods averaged over different temporal scales (see
Figure 1). They are potentially misleading and have led
to some confusion, as pointed out by other researchers
[Trimble and Crosson, 2000; Wainwright et al., 2001].
Therefore these relationships should not be considered as
regionalization tools for ungauged basins. Figure 10 also
suggests that it is necessary to explicitly introduce properly
defined timescales in the definitions of sediment yield and
on-site erosion rate, and to understand the effects of the
temporal averaging window that is used to estimate SDRs.
Putting such understanding into practice may help reduce
the uncertainty in the empirical relationships of g  A and
uncover the real physical causes of SDR variations. It is also
important to view the SDR as a scaling variable represent-
ing sediment transfer processes within the catchment rather
than as an empirical parameter which merely ‘‘corrects’’
USLE erosion rate estimates to obtain sediment yield
estimates at the catchment scale. Appreciating these aspects
of SDR will not only help toward better understanding of its
scaling behavior but will also lead to improved differenti-
ation of catchment to catchment variability.
[51] There are some practical implications of the findings
from this exploratory study. For instance, there have been
some attempts to use hydrological information to predict
sediment behavior over large areas [Krysanova et al., 1998].
The results from this study show that hydrological region-
alization and sediment yield regionalization are only likely
to be similar where hillslope erosion dominates. It provides
a general guidance for future applications in such direction.
Treating sediment sources with a spatial probability distri-
bution [Moore and Clarke, 1983] would be a good com-
plement to the approach outlined in this study. In addition,
equations (16)–(21) could also provide a sound physical
basis for estimating spatial variability of sediment transfer
processes over large catchments. By dividing a large catch-
ment into a series of subcatchments and estimating time
parameters ter, tn, th, ln and lh for each subcatchment,
spatially varying maps of sediment yield and SDR can be
derived. Focusing on the hydrological control and the hill-
slope sediment supply, Lu et al. [2004, 2005] applied a
simplified version of the current model to a large regional
basin, the Murray Darling Basin (1,061,469 km2) in Aus-
tralia. Using an area threshold of 50 km2 to delineate the
subcatchments, they obtained spatially distributed gp by
differentiating time parameters ter, tn, and th at subcatchmet
level. The effects of the depositional parameter lh were not
dealt with and ln was treated by considering a separate set
of equations for the channel system [Prosser et al., 2001a,
2001b]. While Lu et al. [2005] showed that it is feasible to
regionalize ter based on pluviograph rainfall data, and to
estimate tn and th based on topographic and land use data,
further research is required for the estimation and regional-
ization of the depositional parameters ln and lh.
6. Conclusions and Further Remarks
[52] This paper takes a macroscopic view of the sediment
transport response at catchment scale and addresses the
difficulties associated with the SDR concept. Factors affect-
ing relations between SDR and catchment area, their varia-
tions and dominant controls were investigated using a
simple sediment transport model. The model reveals that
the interplay among several temporal scaling parameters
relating to deposition, hydrological response and erosion
production sources could be critical to explaining the
complex, sometimes contradictory patterns of empirically
derived sediment delivery versus catchment area relation-
ships. Unlike runoff versus area relationships, the sediment
yield can indeed increase with catchment area for certain
combinations of erosion sources and deposition mecha-
nisms. The model provides not only a means to analyze
the dominant controls of sediment transfer processes but
also a sound physical basis for exploring changes in
dominant sediment transfer processes over a range of
catchment scales.
[53] We have only addressed in broad terms the sediment
delivery process, and have not applied the full model to
predict sediment delivery in actual catchments. However, a
simple version of the peak-value-based model has indeed
been applied to a regional basin [Lu et al., 2005] to estimate
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hydrological caused variation in hillslope sediment delivery
at subcatchment level. Some uncertainties are expected in
estimating these input timescale parameters, especially the
depositional parameters lh and ln in a spatially varying
manner. Nevertheless, the limited analyses using the frame-
work have helped us to explain the physical and nonphys-
ical causes of the variations in SDR, to highlight some of
the weaknesses of the SDR approach, and to propose
methods for overcoming these deficiencies. By giving
proper definitions for SDR and separating the effects of
deposition, hydrological response, and erosion source types,
the framework makes a step forward in the understanding of
how those factors impact on the sediment yield versus
catchment area relationship and which factor is the domi-
nant control under certain physical conditions.
[54] We have limited ourselves to a simple problem
involving a single representative erosion event. In reality,
storm events are highly variable consisting of both random
and deterministic components (e.g., seasonality), and con-
sequently sediment yield and SDR are random variables.
Our framework could be extended to explore the statistical
properties governing the intra-annual and interannual var-
iability of sediment yield and SDR, which is crucial for
further advances in this area. Analytical solutions, as
presented here, will no longer be sufficient, and the
governing equations will need to be solved numerically.
Finally, all processes contributing to sediment yield, such
as erosion, transport, deposition and remobilization, are
threshold-dominated processes, quite unlike the linear
assumptions made in this paper for these processes. It will
be important to extend the modeling framework to include
these threshold nonlinearities, in the context of random
storm events. This is the ultimate direction for this line of
research.
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